Diagnostic criteria for hypoplastic myelodysplasic syndrome (h-MDS) have not been clearly established, making the differential diagnosis from other bone marrow failure syndromes (BMF) challenging. In this study, we aimed to delineate clinical, histopathological, and molecular features of h-MDS, based on a large and well-annotated cohort of patients with bone marrow (BM) hypocellularity. The study included 534 consecutive adult patients with hypocellular BM (278 h-MDS and 136 aplastic anemia), and 727 with normo-or hypercellular MDS (n-MDS). Comparison of clinical features of patients with h-MDS as defined by BM cellularity ≤25% (n = 204) or reduced age-adjusted cellularity (n = 74) did not reveal significant differences. We developed a diagnostic score to discriminate h-MDS from non-malignant BMF based on histological and cytological variables with the highest specificity for MDS (h-score). The information from chromosomal abnormalities and somatic mutation patterns was then integrated into a cyto-histological/genetic score (hg-score). This score was able to segregate two groups of h-MDS with a significantly different risk of blast progression (P < 0.001). The integration of cyto-histological and genetic features in adult patients with hypocellular BM facilitated segregation into two distinct groups, one with clinical and genetic features highly consistent with myeloid neoplasm, and one with features more consistent with non-malignant BMF.
Introduction
Myelodysplastic syndromes (MDS) are clonal hematopoietic stem cell disorders characterized by ineffective erythropoiesis, dysplasia involving one or more cell lineages, peripheral cytopenia, and increased risk of transformation to acute myeloid leukemia (AML). [1] In most cases, MDS patients exhibit a normo-or hypercellular bone marrow (BM), whereas 10-20% of cases present a decreased bone marrow cellularity. [2] [3] [4] [5] This group is referred to as hypoplastic MDS (h-MDS) in the World Health Organization (WHO) classification of myeloid neoplasm, without being recognized as a distinct MDS subtype. [6] A higher response rate to immunosuppressive therapy has been reported in hypoplastic MDS (h-MDS) compared with normo-hypercellular MDS (n-MDS). [7] [8] [9] However, precise diagnostic criteria for h-MDS have not been clearly defined and conflicting data on clinico-pathological characteristics and prognosis of h-MDS have been reported. [2] [3] [4] [5] [9] [10] [11] [12] Foremost, this uncertainty encompasses the actual definition of BM hypocellularity. In fact, a cutoff value of 20-30% cellularity has been derived from aplastic anemia (AA) [13] and applied to the definition of h-MDS. [4, 7, 9, 11, 12] However, this threshold does not account for agerelated changes, resulting in an uncertain classification of younger MDS patients. In addition, the definition of hypocellularity appears problematic in the elderly population of MDS patients in whom these values partly overlap with the wide range of age-related changes. [5, 14, 15] Hypocellularity in MDS may lead to difficulties in the differential diagnosis with other bone marrow failure syndromes (BMF), especially AA and congenital BMF (c-BMF). [2, [16] [17] [18] [19] [20] In routine clinical practice, this distinction is even more challenging in the frequent cases of inadequate diagnostic specimens. [21] Recurrent somatic mutations in multiple genes have been reported in MDS. [22, 23] However, recent studies have shown that mutations in some of these genes are commonly acquired in hematopoietic cells during aging without being associated with a hematologic phenotype. [24] [25] [26] [27] In addition, mutations in genes recurrently mutated in MDS have been detected in patients with AA without evidence of myeloid neoplasm. [28] [29] [30] [31] So far, few genetic studies have focused on h-MDS, without firm conclusion. [32] [33] [34] [35] In a recent study on patients with unexplained cytopenia, including MDS and AA, we found that mutation profiling has a high predictive value for identifying individuals with a myeloid neoplasm. [36] In particular, selected mutation patterns were proven highly specific for myeloid neoplasms with myelodysplasia, which may possibly identify bona fide MDS even in the absence of definitive morphological features, as previously acknowledged for selected cytogenetic abnormalities. [36] In this work, based on a large and well-annotated cohort of consecutive patients with BM hypocellularity from two reference centers, we aimed to define the clinical and histopathological features of h-MDS, and to elucidate the role of genetic profiles in discriminating malignant and nonmalignant BMF in elderly individuals.
Methods

Patients' characteristics and clinical procedures
This study included 1261 consecutive adult patients investigated at the IRCCS Policlinico San Matteo & University of Pavia, Italy and King's College Hospital, London, UK. The study was approved by the respective Local Research Ethics Committees. The procedures followed were in accordance with the Declaration of Helsinki of 1975, as revised in 2000, and samples were obtained after patients provided written informed consent.
Age-adjusted bone marrow cellularity was assessed on bone marrow trephine according to European consensus. [14] Diagnostic procedures aimed at distinguishing myeloid neoplasms from reactive causes of cytopenia or other hematologic disorders were in accord to recent recommendations. [21, 37, 38] The diagnosis of myeloid neoplasm and the differentiation between h-MDS and AA was in accord to the criteria of the WHO classification of myeloid neoplasms, as well as current standards and recommendations. [2, 13, 39] Paroxysmal nocturnal hemoglobinuria (PNH) clones were detected according to standard guidelines. [40] Idiopathic cytopenia of undetermined significance (ICUS) was defined as previously reported. [41] Peripheral blood and bone marrow specimens were analyzed by two independent hematopathologists who were blinded to clinical data. Discordant results were resolved by a joint review of the specimens. [42] Clinical features of patients included in the study are reported in Table 1 : 534 patients had a hypocellular BM, including 204 MDS with BM cellularity ≤25% and 74 with reduced age-adjusted cellularity, 136 AA, 96 ICUS and 24 c-BMF (2 Fanconi Anemia, 1 Diamond-Blackfan Anemia, 1 germline RUNX1 mutation, 4 typical Dyskeratosis Congenita, 16 Telomeropathy unspecified), whereas 727 patients had a normo-or hypercellular MDS (n-MDS).
Mutation analysis
A core panel of 24 genes selected on the basis of prior implication in the pathogenesis of myeloid disorders was analyzed in the whole study cohort (Supplemental Table 1 ). Details of the sequencing analysis and functional annotation of variants are provided in the Supplemental Material. [36] 
Statistical analysis
All the statistical analyses were performed using the Stata SE 12.1 (StataCorp LP, College Station, TX, http://www.sta ta.com) software. Full details of the statistical analysis are reported in the Methods section of the Supplemental Material.
Results
Clinical correlates of absolute and age-adjusted reduced BM cellularity in MDS
In order to define consistent criteria for BM hypocellularity, we identified two subsets of patients with potentially conflicting BM cellularity estimates based on either an absolute cutoff value and age-adjusted reference ranges: younger patients with BM cellularity reduced for their age but > 25%; and elderly individuals with a BM cellularity ≤25% but consistent with their age-adjusted reference ranges.
We first compared clinical features and outcomes of patients with a BM cellularity reduced for their age but > 25% (age 17-61 years, n = 74) with those of patients with h-MDS as defined by BM cellularity ≤25% (age 20-87 years, n = 204). Patients with reduced age-adjusted cellularity were, as expected, younger compared with those with BM cellularity ≤25% (P < 0.001), and had a higher female prevalence (58 vs 44%, P = 0.033). Conversely, no significant differences were found between these two groups in clinical and hematological variables (P values ranging from 0.91 to 0.11), except for a marginally higher reticulocyte count in patients with reduced age-adjusted cellularity compared with those with BM cellularity ≤25% (63 × 10 9 /L vs 42 × 10 9 /L, P = .025) (Supplemental Table 2 ). In addition, no significant difference in overall survival (OS) (P = 0.94) and cumulative incidence (CI) of AML evolution (P = 0.77) were observed between patients with reduced ageadjusted cellularity and those with BM cellularity ≤25% (Supplemental Fig. 1 ). These results were confirmed in multivariable analyses including demographic and diseaserelated prognostic factors (Supplemental Table 3 ). Comparable results were obtained when this analysis was restricted to patients younger than 65 years of age (BM cellularity ≤25%: n = 114 vs BM cellularity reduced for age but >25%: n = 74). These findings suggest that, in younger MDS patients, a reduced age-adjusted BM cellularity identifies a group with homogeneous features irrespective of the threshold of 25% cellularity.
Then, we identified 52 patients aged 65 year or older with a BM cellularity ≤25% but consistent with their ageadjusted cellularity reference ranges. [14] When comparing clinical and hematological features of this subset of patients with those of age-matched individuals with a BM cellularity ≤25% and reduced by age-adjusted criteria, no significant difference were observed (P values ranging from 0.06 to 0.83) (Supplemental Table 4 ), suggesting that a BM cellularity ≤25% in elderly patients identifies a group with homogeneous clinical features and outcomes, and may represent a consistent criterion to define BM hypocellularity.
Taken together, these data suggest that a combined criterion of BM cellularity reduced according age-adjusted reference ranges or ≤25% can be adopted to define h-MDS.
Clinical features and outcome of patients with hypoplastic MDS
Patients with h-MDS as defined by reduced age-adjusted BM cellularity and/or BM cellularity ≤25% (n = 278) were significantly younger, displayed lower percentage of BM blasts, ring sideroblasts (RS) and CD34 + cells as determined by immunohistochemistry (IHC) compared with n-MDS (P values from < 0.001 to 0.01) ( Table 2 and Supplemental Fig. 2) . A significantly higher prevalence of PNH clones was observed in h-MDS compared with n-MDS (24% vs 2%, P < 0.001). Compared with AA, h-MDS showed a significantly higher percentage of RS, BM blasts, dysmegakaryopoiesis, and dysgranulopoiesis, BM fibrosis, clusters of CD34 + cells, and chromosomal abnormalities (P values from < 0.001 to 0.004) ( Table 2) .
Patients with h-MDS showed a significantly different OS compared with n-MDS and AA (P = 0.001). Two-group comparisons showed that h-MDS had a significantly worse OS compared with AA (P = 0.007), and a marginally better OS compared with n-MDS (P = 0.05) (Fig. 1) . Conversely, patients with h-MDS showed a significantly lower CI of leukemic evolution compared with n-MDS (P = 0.001), and a significantly higher CI compared with AA (P < 0.001) ( Fig. 1 ).
Cytological and histological variables of discriminant value in hypoplastic MDS and nonmalignant BMF Next, we aimed to identify cytological and histological parameters potentially useful to differentiate h-MDS from non-neoplastic BMF, including AA and c-BMF. To this purpose, we first calculated the specificity for MDS of the most relevant bone marrow variables in either the whole population (MDS and non-neoplastic BMF) or in the population of patients with hypocellular bone marrow (h-MDS and non-neoplastic BMF) (Supplemental Table 5 and Supplemental Fig. 3 ). The following categorical variables showed a specificity for MDS higher than 0.95: BM blasts or CD34 + cells 3-4% or ≥ 5%, RS 5-14% or ≥15%, BM fibrosis grade 2-3, dysmegakaryopoiesis and severe dysgranulopoiesis. These variables were combined in a cytological/histological diagnostic score for h-MDS (h-score) aimed at discriminating h-MDS from non-neoplastic BMF (Table 3 ). The h-score encompassed established MDS-associated features (i.e., BM blasts or CD34 + ≥5% and RS ≥15%) in order to permit its applicability to all patients with hypocellular bone marrow without requiring any pre-selection. The score variables were classified as requisite criteria, which can be attained by either cytology on BM aspirate and/or histopathology on biopsy evaluation (BM blasts/ CD34 + cells, BM fibrosis, dysmegakaryopoiesis), and as co-criteria if they are obtainable by BM aspirate only (RS and dysgranulopoiesis). A score of 2 was assigned to MDSdefining criteria (BM blasts or CD34 + cells ≥5% and RS ≥15%), and a score of 1 to the remaining variables (BM blasts or CD34 + cells 3-4%, RS 5-14%, BM fibrosis grade 2-3, dysmegakaryopoiesis, and severe dysgranulopoiesis). By applying ROC analysis, a cutoff value of 2 was associated with a specificity for MDS of 0.96 (Supplemental Table 6 ). When excluding c-BMF, specificity increased to 1.00.
Clinical features of h-MDS patients classified according to the h-score are reported in Supplemental Table 7 . The hscore was able to segregate two distinct groups with a significantly different CI of blast progression, as defined by increase of BM blast percentage (to ≥5% for h-MDS without excess blasts, to a higher MDS-EB category or AML for MDS-EB) (P < 0.001) (Supplemental Fig. 4) . Comparable results were obtained when limiting the analysis to patients without MDS-EB or MDS-RS, as well as when considering the whole population of patients with hypocellular bone marrow (h-MDS, AA, and c-BMF) (Supplemental Fig. 5 ).
Genetic profile of hypoplastic MDS
Eighty-five of 234 evaluable patients with h-MDS (36%) showed chromosomal abnormalities, without significant differences when compared with n-MDS (P = 0.86) (Fig. 2) . In addition, no significant difference was found between h-MDS and n-MDS in the prevalence of chromosomal abnormalities providing presumptive evidence of MDS according to WHO criteria (P = 0.88). [6] Targeted sequencing of 24 commonly mutated myeloid genes was performed on a total of 471 patients, including 93 h-MDS, 51 non-neoplastic BMF and 239 n-MDS (Fig. 3) . Thirty-five of 93 patients with h-MDS (38%) showed one or more somatic mutation (median 1; range 1-4). Compared with n-MDS, h-MDS revealed a significantly lower number of mutations per subject (P < 0.001). Conversely, significantly lower number of mutations per patient and variant allele frequency were observed in AA compared with h-MDS (P = 0.031 and P = 0.003, respectively) (Supplemental Fig. 6 ). Fig. 1 Overall survival and cumulative incidence of progression into acute myeloid leukemia of patients with hypoplastic MDS, normo-or hypercellular MDS, and aplastic anemia. Plots A and B report, respectively, overall survival and cumulative incidence of AML evolution of patients with hypoplastic MDS (red curve), as defined by reduced age-adjusted cellularity and/or BM cellularity ≤25%, normoor hypercellular MDS (blue curve), and aplastic anemia (green curve) Focusing on mutation patterns, patients with h-MDS showed a significantly lower prevalence of mutations in splicing factors compared with n-MDS (SF3B1: 9% vs 29%, P < 0.001; SRSF2: 5% vs 14%, P = 0.031), as well as in ASXL1 (0% vs 16%, P < 0.001) and TET2 (9% vs 21%, P = 0.008). In addition, patients with h-MDS showed a Fig. 2 Patterns of the genetic lesions identified in the study cohort. a Distribution of somatic genetic lesions in AA, h-MDS, and n-MDS according to the final diagnosis, resulting from standard work-up. Blue bar indicates absence of genetic lesions, maroon bar denotes cytogenetic abnormalities, green bar somatic mutations, orange bar cytogenetic abnormality and somatic mutation. b Distribution of somatic genetic lesions proven specific for MDS in AA, h-MDS, and n-MDS according to the final diagnosis, resulting from standard work-up. Blue bar indicates absence of specific genetic lesions, maroon bar represents cytogenetic abnormalities providing presumptive evidence of MDS according to WHO criteria, green bar denotes somatic mutation patterns proven highly specific for MDS according to Malcovati et al. [36] c Distribution of somatic mutations in the analyzed genes according to the final diagnosis, resulting from standard work-up. Red color indicates a diagnosis of n-MDS, green of h-MDS, blue of AA. Each column represents an individual patient sample significantly lower prevalence of somatic mutation patterns proven highly specific for MDS, including mutations in splicing factors and co-mutation patterns involving TET2, DNMT3A, or ASXL1, compared with n-MDS (21/93 vs 137/ 239, P < .001). [36] Conversely, the prevalence of these patterns in h-MDS was significantly higher than in nonneoplastic BMF (21/93 vs 2/51, P = 0.003) (Fig. 2) . Notably, 71% of patients with a hypoplastic BM and low h-score (0-1) had no evidence of clonal disease by cytogenetic or mutation analyses or had a mutation pattern consistent with age-related clonal hematopoiesis.
Definition of an integrated cyto-histologic and genetic score for hypoplastic MDS
Then, we combined the information derived from genetic profile and the h-score into an integrated cyto-histologic and genetic score for h-MDS (hg-score) to discriminate h-MDS from non-neoplastic BMF, by assigning a score of 2 to chromosomal abnormalities presumptive of MDS according to WHO criteria, [6] and a score of 1 to somatic mutation patterns proven highly specific for MDS (Table 4) . [36] ROC analysis confirmed that a cutoff value of 2 was associated with the highest percentage of correctly classified (AUC 0.89, P < 0.001) (Supplemental Table 8 ).
Compared with patients with h-MDS and positive hgscore (i.e., hg-score ≥2), those with a negative score (i.e., hg-score 0-1) were significantly younger (P = 0.03), and showed a significantly higher incidence of PNH clones (P = 0.003) (Supplemental Table 9 ). The hg-score was able to segregate two distinct groups of h-MDS with a significantly different CI of blast progression (P < 0.001) (Fig. 3 , Supplemental Fig. 7) . Comparable results were obtained when Fig. 3 Cumulative incidence of blast progression, AML evolution, and overall survival of h-MDS according to hg-score. a Cumulative incidence of blast progression, as defined by increase of BM blast percentage (to ≥ 5% for MDS without excess blasts, to a higher MDS-EB category or AML for MDS-EB) of patients with hypoplastic MDS according to the hg-score. Red curve refers to patients with low score (i.e., hg-score < 2), blue curve to high score (i.e., hg-score ≥ 2). b Cumulative incidence of AML progression of patients with hypoplastic MDS according to the hg-score (high hg-score: blue curve; low hg-score: red curve), n-MDS (black curve), and AA (green curve). c Overall Survival of patients with hypoplastic MDS according to the hg-score (high hg-score: blue curve; low hg-score: red curve), n-MDS (black curve) and AA (green curve) According to Malcovati et al. [36] Clinical, histopathological and molecular characterization of hypoplastic myelodysplastic syndromelimiting the analysis to patients without MDS-EB or MDS-RS, as well as when considering the whole population of patients with hypocellular BM (Supplemental Fig. 8) . Notably, clonal progression was entirely accounted in the group having a positive hg-score, whereas no progression events were noticed in the group with a negative hg-score. When comparing OS and CI of AML progression of h-MDS patients according to hg-score with those of patients with n-MDS and AA, h-MDS patients with a positive hgscore showed OS and CI of AML progression comparable to those of patients with n-MDS (P = 0.42 and P = 0.74, respectively). These results were confirmed within the categories of MDS-SLD or -MLD, MDS-RS, MDS del(5q), and MDS-EB. Within h-MDS with hg-score ≥ 2, IPSS-R retained a significant effect on both OS and CI of AML evolution (HR = 1.94 and HR = 3.61, respectively, P < 0.001). Conversely, h-MDS patients with a negative hgscore had OS and CI of AML progression not significantly different from those of patients with AA (P = 0.72 and P = 1, respectively) (Fig. 3 ). In addition, no significant difference was noticed between h-MDS patients with negative hg-score and AA in the CI of blast progression, as defined by an increase of BM blast percentage to ≥5% (P = 0.49).
Molecular features and clinical outcome of patients with idiopathic cytopenia of undetermined significance and hypocellular bone marrow
Within the population of adult patients with hypocellular bone marrow, we identified 96 patients with reduced ageadjusted BM cellularity and mild peripheral cytopenia who did not fulfill diagnostic criteria for MDS or AA. According to conventional diagnostic work-up, these patients received a provisional diagnosis of ICUS, [41] herein designated as hypoplastic ICUS (h-ICUS). Patients provisionally classified in this category were significantly younger and showed a higher female to male ratio and milder cytopenia compared with those receiving a diagnosis of h-MDS (Supplemental Table 10 ). Eight of these patients developed an overt myeloid neoplasm after a median follow-up 21 months (range (4-49 months) (Supplemental Fig. 9 ). Somatic mutation analysis was available for 88 h-ICUS patients: 16 patients showed one or more somatic mutations (18%) and eight showed a mutation pattern proven highly predictive of MDS (9%), including mutations in splicing factors and co-mutation patterns involving TET2, DNMT3A, or ASXL1 (Supplemental Fig. 10 ). [36] According to the hg-score, 7 h-ICUS patients showed a positive score. The hg-score was able to segregate two distinct groups with a significantly different CI of progression into myeloid neoplasm (P < 0.001) (Supplemental Fig. 11 ). Three patients having a hg-score < 2 eventually developed a myeloid neoplasm: one showed a pattern of comutation in DNMT3A and IDH1, previously proven as highly predictive of a myeloid neoplasm, and two had an isolated mutation in ASXL1.
Discussion
It is well established that a variable fraction of patients with MDS present with a decreased BM cellularity, referred to as hypoplastic MDS in the current WHO classification of myeloid neoplasm. [6] Although this subset has not been recognized as a separate MDS subtype, distinctive features have been associated with a hypocellular bone marrow, including a higher response rate to immunosuppressive therapy and a favorable prognosis. [2, 4, [7] [8] [9] However, accurate diagnostic criteria for h-MDS have not been clearly defined to date, making everyday differential diagnosis from other BMF and clinical-decision making challenging. [2] In this study, we took advantage of a large and wellannotated cohort of consecutive patients with BM hypocellularity from two reference centers, and identify robust histopathological criteria to recognize h-MDS. This information was then combined with cytogenetic and somatic mutation profiles to develop an integrated score that was able to clearly segregate two distinct groups of h-MDS, one with clinical and genetic features highly consistent with a myeloid neoplasm, and one with features more consistent with a non-malignant bone marrow failure.
A prerequisite for the recognition of h-MDS is the definition of BM hypocellularity. However, precise criteria have not been clearly defined. In fact, a cutoff value of 20-30% cellularity, as derived from AA, does not account for age-related changes, resulting in an uncertain classification of younger MDS patients. In addition, the definition of hypocellularity is problematic in elderly patients in whom these values may partly overlap with the expected ageadjusted cellularity. [14, 15] To address this issue, we first compared clinical features and outcome of patients with h-MDS as defined by a BM cellularity ≤25% and of patients with a reduced age-adjusted cellularity. Then, we identified patients aged 65 year or older with a BM cellularity ≤25% but consistent with their age-adjusted cellularity reference values, and compared their clinical and hematological features with those of age-matched individuals with a BM cellularity ≤25% and reduced by age-adjusted criteria. Overall, no significant differences were found between these groups in clinical and hematological variables, survival and risk of AML evolution, suggesting that a combined criterion of reduced age-adjusted BM cellularity or BM cellularity ≤25% can be adopted to define h-MDS. This definition allows a correct classification of young patients with age-adjusted reduced cellularity, as well as of elderly individuals, in whom the wide range of age-related changes may preclude robust estimates. Although several factors may concur to BM hypocellularity, including bone marrow microenvironment abnormalities, inflammation and T-cell mediated autoimmunity, and we cannot exclude that this definition may capture at least partly diverse pathophysiology processes, at present it may represent a robust criterion recognizing a clinically homogeneous group of patients within MDS.
Next, we aimed to identify cytological and histological parameters potentially useful to differentiate h-MDS from non-neoplastic BMF. We found that erythroid dysplasia, as well as mild to moderate myeloid dysplasia, in the context of hypocellular bone marrow were a frequent finding yet compatible with a diagnosis of AA, partly at odds with previous findings. [2] Conversely, dysmegakaryopoiesis and severe dysgranulopoiesis were proven highly specific for MDS. These findings may be useful to separate MDS from non-neoplastic BMF in the everyday clinical practice, and may provide the frame for the interpretation of hematopoietic clones in the context of BM hypocellularity.
We then explored genetic profile of h-MDS, and found that MDS patients with hypocellular bone marrow revealed mutation patterns in-between that of myeloid neoplasm and AA. [22, 23, 28, 29] In addition, h-MDS showed a significantly lower prevalence of somatic mutation patterns proven highly specific for MDS, including mutations in splicing factors and co-mutation patterns involving TET2, DNMT3A, or ASXL1, compared with n-MDS, suggesting the absence of MDS-specific drivers in a fraction of these patients. [36, [43] [44] [45] Conversely, the prevalence of these patterns in h-MDS was significantly higher than in nonmalignant BMF. [28, 29, 46] We combined cytological and histological parameters proven highly specific for MDS with the information derived from genetic profiles into an integrated score to discriminate h-MDS from non-neoplastic BMF. Although the inclusion in the hg-score of established MDS-associated morphological and genetic features (i.e., BM blasts or CD34 + , RS, and MDS presumptive cytogenetic abnormalities) may appear redundant, this allows in everyday clinical practice its application to all patients with hypocellular BM without any pre-selection. Conversely, selected morphological features, such as dysmegakaryopoiesis, and specific mutation patterns appear to be very helpful in distinguishing true h-MDS from non-malignant bone marrow failures.
Considering that suboptimal or inadequate aspirate specimens are frequent shortcomings in everyday clinical practice when investigating hypocellular BM, score variables were classified as requisite criteria, attained by biopsy evaluation (and/or BM aspirate when available), and cocriteria, obtainable by BM aspirate. Whereas morphological analysis remains the standard for BM blast count, CD34 immunostaining can be adopted for assessing blast percentage in case of inadequate aspirate specimen that may result in an underestimated blast count. [2, 6, 16, 42] This nested structure allows one to optimize the information obtained through diagnostic work-up: as expected, the applicability is maximal when considering requisite-criteria only, achievable in the great majority of patients, whereas the percentage of correctly identified is progressively increasing when filling in cytological and genetic information (Supplemental Fig. 12 ). The implementation of genetic profiling from peripheral blood cells will further increase the applicability of the score. [36, 47] Notably, the hg-score was able to clearly segregate two distinct groups of h-MDS with a significantly different risk of blast progression. Remarkably, clonal progression was entirely accounted for by the group with a positive hg-score, whereas no events were noticed in the group with a negative hg-score, supporting the hypothesis that a classification as MDS might not be appropriate for these patients. When comparing survival and risk of AML progression of h-MDS patients classified according to the hg-score with those of the reference populations of patients with n-MDS and AA, h-MDS patients with a positive hg-score showed a clinical course comparable to that of patients with n-MDS, whereas h-MDS patients with a negative hg-score had outcomes not dissimilar from those of patients with AA. Taken together, these data suggest that the integration of cyto-histological and genetic features in adult patients with hypocellular BM permits the segregation within h-MDS of two distinct groups, one with clinical and genetic features highly consistent with myeloid neoplasm, and one with features more consistent with a non-malignant BMF. Compared with patients with h-MDS and positive hg-score, those with a negative score were significantly younger, and showed a higher proportion of females and a significantly higher incidence of PNH clone, consistent with this conclusion.
Although a validation of the hg-score in independent patient populations is warranted, the results of this study may have relevant implications in the clinical management of adult patients with a hypocellular bone marrow. In individuals with a negative hg-score calculated on the basis of both cytological and genetic information, abstaining from a diagnosis of myeloid neoplasm should be advisable. Although data on response to immunosuppressive therapy with ATG plus cyclosporine A in our study did not allow firm conclusion, a management strategy as in non-malignant BMF seems appropriate, although this requires validation in a prospective study. Notably, even in the absence of cytological and genetic information in case of inadequate diagnostic specimen, patients with a negative score have a limited risk of blast progression, and we propose that a diagnosis of myeloid neoplasm should be carefully pondered and reconsidered after adequate follow-up.
Conversely, in patients with h-MDS and positive hg-score a MDS treatment strategy seems justified, though tolerance and efficacy of treatment modalities with hematologic toxicity, such as hypometylating agents, will deserve confirmation and appropriate monitoring. [48] Finally, in a proportion of patients, conventional diagnostic work-up was not diagnostic for AA or h-MDS, and a provisional diagnosis of hypoplastic ICUS was adopted. Even in this area of uncertainty, the hg-score was able to segregate two distinct groups with a significantly different CI of progression into myeloid neoplasm, the higher risk group having a risk not dissimilar from that observed in clonal cytopenia of undetermined significance. [36] In conclusion, this study provides evidence for robust criteria to define h-MDS. The integration of cytohistological and genetic features in adult patients with a hypocellular BM enables the segregation into two distinct groups, one with clinical and genetic features highly consistent with myeloid neoplasm, in whom a diagnosis of h-MDS seems appropriate, and one with features more consistent with a non-malignant bone marrow failure.
